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Photochemical degradation of dissolved organic matter (DOM) can play an important role in carbon cycling in natural waters, either directly by the photochemical production of volatile carbon species or indirectly through the production of CO 2 by sequential photochemical/biological oxidation (45) . Approximately 10 to 50% of the dissolved organic carbon (DOC) in various water types can be photomineralized directly to CO 2 and CO (10, 43, 48) , and comparable percentages (as bioavailable photolysis products) can be taken up and remineralized to CO 2 by microheterotrophs (44, 48) . Previous studies have indicated that the humic fraction of DOM is mainly responsible for the absorbance of UV light and for the photoproduction of labile substrates that can be subsequently utilized by bacteria (12, 28, 38, 44, 57) . The photochemical breakdown of humic substances (HSs) provides a source of substrates for bacteria by at least four pathways (37) : (i) by increasing the bioavailability of molecules that are bound to humic substances (e.g., amino acids, carbohydrates, and aromatic compounds) (5, 33) ; (ii) through photolytic formation of low-molecular-weight (LMW) substrates such as organic acids, carbonyl compounds, and hydrocarbons (17, 18, 36, 46, 51, 62) ; (iii) by modifying the high-molecular-weight (HMW) fraction of humic substances rendering it more labile to microbial attack (28, 38, 57) ; and (iv) by increasing the pool of limiting inorganic nutrients (20) .
Even though several studies have demonstrated an enhancement of microbial production after amending unfiltered water samples with irradiated filtered water, in other cases, inhibition was seen (8, 9, 13, 26, 34, 47) . It has been suggested that these contrasting results were mainly due to the relative importance of photoproduction versus photodestruction of substrates in different waters containing different types of DOM (e.g., biologically labile DOM and older refractory DOM) (47, 48) . However, the situation appears to be more complex (45) . Factors such as the photoproduction of inhibitory substances like reactive oxygen species (26, 40, 53) , photochemically induced enzyme deactivation (54) , carbon limitation (27) , and shifts in bacterial growth efficiency (BGE) in response to substrate addition (24, 63) may also be important but have not been addressed in many of these past studies (45) .
While a number of studies support the supposition that photolysis of humic substances increases its bioavailability, it is still not known how the chemical composition and source of different humic substances affect their photoreactivity with respect to the production of substrates. Humic substances account for about 50 to 90% of the DOM pool (6) . They originate from two main sources, in situ microbial production and terrestrial plants, and are usually referred to as autochthonous and allochthonous (terrestrial) humic substances, accordingly. The latter are prevalent in freshwaters, receiving their main organic input through soil leaching and surface runoff. Humic substances of terrestrial origin contain high levels of lignin and lignin degradation products, which are derived from the decomposition of vascular land plants and give terrestrial humic substances their pronounced aromatic character (41) . In con-trast, autochthonous humic substances are predominantly produced in situ from algal decay and bacterial activity. Autochthonous humic substances dominate the DOM pool in the oceans, eutrophic lakes, and lakes receiving limited terrestrial organic input and are highly aliphatic with lower aromatic character (3, 41, 42) . Humic substance photoreactivities and optical properties are comparable to natural DOM at similar carbon and chromophore concentrations (35, 60) , making them suitable surrogates for natural samples in photochemical experiments. In addition, their amenability to 13 C liquid nuclear magnetic resonance spectroscopy ( 13 C NMR) provides a level of chemical characterization (aromatic and other carbon group concentrations) presently unattainable for unconcentrated natural samples.
In this study, we determined how the photoreactivity and chemical nature of diverse aquatic humic substances added to lake water affected bacterial carbon utilization, as measured by bacterial carbon production (BCP), respiration, BGE, bacterial abundance, and bacterial production on a per cell basis. In order to make this comparison possible, a natural mixed bacterial community from a single lake water sample was used in all incubations.
MATERIALS AND METHODS
Chemicals. All chemicals used in the experiments were from Merck, Germany (Pro-Analysis grade), except the chemicals used for the measurements of hydrogen peroxide (see below). Solutions were prepared using deionized water (Milli-Q water) from a four-bowl low-carbon system (Millipore Corp., Milford, MA). All glassware used to prepare stock solutions and for the experiments was previously acid (10% HCl) and Milli-Q rinsed.
Lake water sampling. Approximately 20 liters of surface water (0 to 0.5 m) was collected in an acid-rinsed polyethylene container in April 1999 from Lake Fiolen, which is an oligotrophic lake situated in a boreal forest in southern Sweden (57°07ЈN, 14°34ЈE). Lake Fiolen has an average hydraulic residence time of 4 years, a Secchi depth of 5 to 6 m, and pH of 6.5 (30) . At the time of sampling, Lake Fiolen had a DOC content of 5.7 mg C liter Ϫ1 and a water temperature of 18°C. After sampling, the water was vacuum filtered through a Gelman 142-mm attaching and effacing (A/E) filter (0.7 m) in order to remove the bacterial grazers (9, 26) . The filtered water was stored in an acid-rinsed borosilicate glass bottle (Schott Duran Glass) for 72 h in the dark at 15°C so that the bacterial community could recover. Just prior to incubation with irradiated or dark-treated humic substances, the bacterial abundance in the lake water was 7.35 ϫ 10 5 cells ml Ϫ1 and no flagellates were observed as determined by counts using an epifluorescence microscope.
Description of humic substance samples and extraction procedures. Sixteen different aquatic humic substances were isolated from diverse environments (Table 1) . Samples were characterized by elemental 13 C NMR and UV-visible analyses. Details of the 13 C NMR and UV-visible characteristics of the humic isolates and their correlation to photochemical reactivity (including CO and H 2 O 2 photoproduction) are presented elsewhere (K. Mopper, A. M. Anesio, W. Granéli, G. Aiken, and D. J. Kieber, unpublished data, Stubbins, A., K. Mopper, C. Law, R. C. Upstill-Goddard, G. Uhe, and G. Aiken, submitted for publication).
HSs are operationally defined by their isolation procedures as hydrophilic organic acids (HPIA) and hydrophobic organic acids (HPOA) by using Amberlite XAD resins according to Aiken et al. (2) . Briefly, a sample of natural water passed through a 0.2-m-pore-size filter was acidified to pH 2 with HCl and passed sequentially through columns containing XAD-8 and XAD-4 resin. The HPOA, which contained both humic (HA) and fulvic (FA) acids, was retained on the XAD-8 column, while the HPIA fraction was retained on the XAD-4 resin. Each column was back eluted with 0.1 N NaOH. All samples were desalted using H ϩ -saturated AG-MP 50 cation exchange resin, lyophilized, and stored in a desiccator. For some samples, the HPOA fraction was further separated into HMW HA and LMW FA fractions by acidifying the XAD-8 eluate to a pH of Ͻ1 with HCl. The HA precipitate was removed by centrifugation and lyophilized. The supernatant containing FA was then desalted, hydrogen saturated, lyophilized, and stored in a desiccator.
The HS isolates were distributed between three broad types of aquatic-dissolved organic matter (depending on the dominant source of the DOM) as autochthonous HS (in situ microbial sources, including algae and bacteria), allochthonous HS (higher plant and soil derived), and a mixture of both ( Table 1 ). The predominantly allochthonous samples included the Suwannee River FA and HA reference materials (riverine FA and HA obtained from the International Humic Substances Society) and Ogeechee River FA and HA extracted from samples taken from the Ogeechee River at a site near Grange, Georgia (1). The predominantly autochthonous-derived samples included the Lake Fryxell HPOA sample, which was extracted from water from Lake Fryxell in the lower Taylor Valley (one of the McMurdo Dry Valleys) near the Ross Sea, Antarctica (3, 42) , and the Pacific Ocean FA sample, which was extracted from water collected in the eastern equatorial Pacific Ocean near Hawaii from a depth of about 200 m (41) . The other samples represent mixed sources, including Williams Lake, a seepage lake in Minnesota, the Shingobee River, Minnesota, and samples from the Florida Everglades. The organic matter in Williams Lake is primarily from autochthonous sources, with the addition of organic matter from groundwater that recharges the lake (4). The Shingobee River, part of the Ϫ1 ) in Milli-Q water were vacuum filtered through a 0.2-m-poresize VacuCap filter (Gelman Scientific). The filter-sterilized solutions were poured into quartz tubes (diameter, 22 mm; length, 145 mm; volume, 37 ml) which had been previously washed in dilute aqueous HCl (1:10), rinsed in Milli-Q water, and heat sterilized (140°C overnight) and stoppered without headspace. The quartz tubes were exposed to artificial UV radiation for 24 h at ambient room temperature. DOC changes were within the measuring error. Replicate samples were kept in the dark as controls. The UV radiation source consisted of a fan-cooled bank of eight fluorescent tubes (UVA-340; Q-Panel Co.) emitting UVB (ϳ2 W m Ϫ2 ), UVA (23 W m Ϫ2 ), and negligible photosynthetically available radiation (Ͻ5 W m Ϫ2 ), as determined using a model IL 1400A radiometer with broadband sensors (International Light Corp.). Using the same radiometer, measurements of solar UVB and UVA were 2.2 and 27 W m Ϫ2 , respectively, at noon during clear summer conditions in Lund, Sweden. Thus, the UV intensity under the lamps closely simulated the natural UV solar spectrum. The light field at different locations where the samples were irradiated was found to be uniform in time and space, with a variation of less than Ϯ5% at any one location in the field.
Experimental design for measuring bacterial response to irradiated humic additions. The humic solutions (irradiated and dark controls) were added immediately after irradiation to lake water passed through a 0.7-m-pore-size filter which was then decanted into triplicate Pyrex glass bottles (65 ml) with ground glass stoppers. In order to minimize dilution effects on the natural bacterial community, irradiated or nonirradiated humic solutions were added to only 10% of the total volume of the lake water, representing 8 to 10 mg added humic C liter Ϫ1 (final concentration). Triplicate samples of the lake water passed through a 0.7-m-pore-size filter were also mixed with Milli-Q water (also 10% of total volume) as a control. Inorganic nutrients were added to all samples using aqueous solutions of KH 2 PO 4 and NH 4 NO 3 (added to a final concentration of 1 and 10 M of P or N, respectively) to ensure that the bacteria were not limited by P and N. Humic-amended lake water samples and controls were incubated at the in situ lake water temperature (18 Ϯ 0.1°C) in the dark.
Two different experiments were run in parallel. In the first experiment, we followed the bacterial abundance, carbon production, and carbon production per cell at 0, 5, 43, and 65 h in the lake water samples with added irradiated and dark-incubated humic substances of all 16 humic samples and in the lake water controls (with no added humic substances). In the second experiment, bacterial respiration rates were determined, in addition to bacterial abundance and production rates, in order to examine temporal changes in the bacterial growth efficiency in lake water amended with humic substances from the Shingobee Inlet, Pacific Ocean, and Everglades (i.e., samples 3, 10, 11, and 12) ( Table 1) . Separate sets of triplicate bacterial respiration samples were analyzed for each incubation time point (0, 43, and 65 h). Respiration was not determined for the 5-h samples because the method (i.e., dissolved inorganic carbon [DIC] production) was not sensitive enough to detect respiration over this short time frame. Bacterial abundance samples (6 ml) were collected for all time points and preserved in 2% borate-buffered formalin (pH ϳ8) at 4°C (8) . Hydrogen peroxide was determined in all samples after incubation for 0, 5, and 43 h. Hydrogen peroxide was not determined for the 65-h incubation samples, as it was below detection for the 43-h samples.
For both experiments, the results for the 65-h incubation were similar to the 43-h incubation; therefore, for clarity, results are presented in the figures and tables as the averages between 43 and 65 h.
Analytical methods. Samples (ϳ6 ml) for DOC were taken from the tubes and transferred into acid-rinsed, precombusted (500°C overnight) glass vials with Teflon-lined screw caps. All samples were analyzed immediately after the conclusion of the experiments. DOC was analyzed by the Pt-catalyzed high-temperature combustion method using a Shimadzu TOC-5000 total carbon analyzer equipped with an ASI-5000 autosampler. Inorganic carbon was purged for 5 min from acidified samples (pH of ϳ2, HCl). For each DOC analysis, at least three replicate injections were made, resulting in a coefficient of variation (CV) of less than 2%.
Hydrogen peroxide was quantified by the method outlined by Tranvik and Kokalj (58) . The reagent was prepared by mixing 25 l of N-acetyl-3,7-dihydroxyphenoxanine (1 mg in 1 ml of dimethyl sulfoxide), 1 ml of Milli-Q water, and 2 ml of horseradish peroxidase (Sigma type VI; 50 U ml Ϫ1 in a 0.25 M Tris buffer, pH 7.2). For each analysis, 30 l of the reagent was added to 1 ml of lake water samples containing 10% of the irradiated or nonirradiated HS solution. After 2 min, the fluorescence was measured in a 1-cm cuvette by using a Shimadzu RF-1501 spectrofluorometer, with excitation at 570 nm and emission at 585 nm (10-nm bandwidth). Calibration was performed by multiple standard additions to the samples at each time point. Quantitative 13 C NMR data were obtained from 100 mg of HS samples dissolved in 1 ml H 2 O-D 2 O (1:1), adjusted to pH 7 in 10-mm tubes, and analyzed on a Varian model 300 spectrometer at 75.429 MHz using inverse gated decoupling with an 8-s delay (3) . Quantification of the 13 C NMR spectra was done by integrating the area under the bands (64) . Elemental analyses of the humic samples were carried out by Huffman Laboratories (Golden, CO) according to the method of Huffman and Stuber (31) .
The bacterial abundance was determined with a FACSort (Becton Dickinson) flow cytometer according to the method of Del Giorgio et al. (23) . Cells were stained with SYTO 13 (Molecular Probes) at a final concentration of 2.5 M. Fluoresbrite carboxylate microspheres (diameter, 1.58 m) were used as a reference. BCP was measured by radiolabeled leucine incorporation as described by Smith and Azam (56) . Aliquots of 1.7-ml duplicates were incubated with 50 nM
Triplicate trichloroacetic acid (TCA)-killed controls were incubated for every humic substance type. After 60 min, incubations were stopped by adding 5% TCA by volume (except in the killed controls, for which TCA was added in the beginning of the incubations). All samples and controls were centrifuged at 16,000 ϫ g for 10 min and aspirated. The remaining pellet was washed with 5% TCA and finally 80% ethanol. The ethanol was allowed to evaporate prior to the addition of 0.5 ml of scintillation cocktail (Ecoscint A).
Counts were recorded using a Beckman LS 6500 scintillation counter. Bacterial protein production was calculated assuming a twofold isotopic dilution and converted to BCP by multiplying by a factor of 0.86 (55) . The bacterial respiration was determined by measuring the increase in DIC after the addition of irradiated or dark-treated humic substances to the lake water passed through a 0.7-m-pore-size filter. The DIC was quantified with a Shimadzu TOC-5000 total carbon analyzer following the procedures of Granéli et al. (30) . The water was pulled from the bottom of each tube via Teflon tubing directly into the carbon analyzer in order to avoid exchange of inorganic carbon between the sample and the atmosphere. At least three measurements were made per tube, resulting in a CV of less than 2% (30) . We calculated the BGE as BCP/(BCP ϩ BR), where BR is the bacterial respiration.
RESULTS AND DISCUSSION
Effects of H 2 O 2 and initial HS bioavailability on bacterial carbon production. Irradiated HSs added to lake water had both short-term effects (i.e., 5-h incubation after addition of HSs) and long-term effects (i.e., average between 43-and 65-h incubations after addition of HSs) on BCP. The BCP was significantly lower (ϳ40 to 100%) in about half of the irradiated humic samples (samples 5, 6, 8, 11, 13, 15, and 16) (Fig. 1 ) 5 h after their addition to the lake water relative to the BCP observed in lake water with nonirradiated humic substance additions. The other samples showed either a slight enhancement or no effect on the BCP relative to the controls. As shown in Fig. 2 (65) . They observed that the addition of only 0.1 M hydrogen peroxide to humic lake water inhibited the BCP by as much as 40%. In contrast, Arana et al. (11) found that 2,000 to 3,000 M hydrogen peroxide was needed to produce significant cell dormancy and loss of culturability in Escherichia coli and I. Obernosterer (personal communication) found that inhibition of bacterial production was not observed in lake cultures until mid-M levels of H 2 O 2 were present. The large differences that have been reported with respect to the threshold for inhibition are presumably due to differences in the sensitivities of different microorganisms or microbial communities to hydrogen peroxide. Given this large range (over 4 orders of magnitude), the potential negative impact of even low concentrations of H 2 O 2 in these types of photochemical experiments may have important implications in bacterial community composition and should not be ignored in future studies. However, it should also be considered that the negative effect of humic irradiation on the BCP, although highly correlated to hydrogen peroxide, may be partly due to the photochemical production of other reactive oxygen species (53) as well as unknown, HS-derived inhibitory substances (29, 40, 58) . In contrast to the negative responses in BCP observed in the 5-h incubation, after incubation for 43 to 65 h, BCP in treatments with irradiated HSs significantly surpassed BCP in darktreated controls in 11 out of 16 cases (t test, P Ͻ 0.05) (Fig. 1) . The enhancement in BCP observed in the irradiated humic samples ranged from 0 to 105% (average, 39%; standard deviation ϭ 30%, n ϭ 16) for the 43-to 65-h incubations. Hydrogen peroxide did not affect BCP rates for the longer incubations because H 2 O 2 was not detected in the 43-h incubation of lake water with added irradiated humic substances. This loss of H 2 O 2 during the bacterial incubations is consistent with the 1-to 8-h half-life of hydrogen peroxide observed in high-DOM environments (22, 32, 58) . However, since observed differences in BCP in our study represent net differences, it is possible that some inhibition of BCP occurred even in the longer incubations due to the possible photoproduction of long-lived inhibitory substances, e.g., phenolic compounds (29, 40, 48, 58) and other effects (54) . Sample-to-sample variability in the BCP may have also partly resulted from changes in the bacterial community composition during the 43-h incubation.
The magnitude of the increase in the BCP in the irradiated humic samples incubated for 43 to 65 h (relative to the nonirradiated controls) was affected not only by the initial hydrogen peroxide concentration but also by the initial bioavailability of the added HS. The initial bioavailability was estimated as BCP in lake water with nonirradiated HS minus BCP in lake water without the addition of HS (i.e., with the addition of Milli-Q water, 10% of final volume). The latter had a mean BCP of 1.81 Ϯ 0.32 g C liter Ϫ1 for the 43-to 65-h incubations in the dark. The addition of the nonirradiated humic substances increased BCP significantly relative to the addition of Milli-Q in only 6 of 16 cases for the 43-to 65-h incubations (t test, P Ͻ 0.05). The remaining 10 cases showed no significant change in BCP (t test, P Ͼ 0.05). Single linear regressions between the enhancement of BCP and either initial hydrogen peroxide concentration (r 2 ϭ 0.23) or initial bioavailability (r 2 ϭ 0.16) were not statistically significant (Pearson, P Ͼ 0.05, n ϭ 16). However, together, the initial H 2 O 2 concentration and initial bioavailability accounted for about 60% of the variance in the 43-to 65-h BCP response to the irradiation of humic substances, as revealed by multiple linear regression analysis (P Ͻ 0.01). This analysis showed that the degree of enhancement of BCP was lower for those samples for which either initial bioavailability FIG. 1. Bacterial carbon production response {i.e., [(BCP UV Ϫ BCP dark )/BCP dark ] ϫ 100} after 5 h and 43 to 65 h of the addition of irradiated or nonirradiated humic substances. Results are given as the means Ϯ standard errors (number of samples ϭ 4). *, statistically significant differences between the dark and UV treatments (t test, P Ͻ 0.05). See Table 1 for humic substance number.
FIG. 2.
Change in bacterial carbon production (i.e., percentage of increment in BCP from the addition of irradiated HS relative to nonirradiated control) 5 h after the humic samples were added to unfiltered lake water plotted as a function of the concentration of the hydrogen peroxide produced during humic substance irradiation ( y ϭ Ϫ0.27x ϩ 0.14, r 2 ϭ 0.90). Bacterial abundance, carbon production on a per cell basis, respiration, and BGE. The observed enhancements of bacterial carbon production can be due to either an increase in bacterial abundance (cell number) or an increase in the rate of BCP on a per cell basis or both. Our results showed that BCP per cell was significantly enhanced in lake water with irradiated humic substances in only 4 of the 16 HS samples. On the other hand, the bacterial abundance increased in 13 of 16 samples for the 43-to 65-h incubations following irradiation (Fig. 3) . In the five cases where the BCP did not increase in the lighttreated HS samples (relative to controls), the bacterial response was variable. For example, the addition of irradiated HS no. 16 had no effect on BCP, but a positive effect on bacterial abundance and a negative effect on BCP on a per cell basis relative to the dark-treated control. These findings clearly illustrate that conclusions regarding the effect of DOM photodegradation on bacterial growth can depend strongly on the method used to estimate bacterial growth (9, 45) .
BGE, an indicator of the use of DOM for bacterial growth, can provide additional insights into photochemically enhanced BCP and into the total carbon flow through bacteria (24, 50) . To determine the effect of DOM photolysis on BGE, we compared both BCP and respiration in lake water with added irradiated and nonirradiated HSs for four different HS samples. The DIC production due to respiration was linearly related to time for the four HSs examined (data not shown). Bacterial respiration and BCP were on average 18% and 71% (respectively) higher in lake water with irradiated humic substance than nonirradiated controls (Table 2 ). These enhancements yielded an average increase of 32% in the BGE for the four HS samples. If we had not measured the respiration and had simply assumed that it did not change during the incubation, an average increase in 45% in BGE would have been estimated. Thus, in agreement with Pullin et al. (50) , the impact of photodegradation products on microbial activity cannot be estimated from changes in BCP alone, as has been often done in the past (45) . Changes in both BCP and respiration (or BGE) must be considered, especially since the latter is usually a larger fraction of the total carbon taken up (Table 2) (24) .
DOM photoproducts are more oxidized than dark-treated controls (50, 66) , and these more oxidized products appear to be incorporated less efficiently by bacteria (24, 48) , which should lead to a decrease in BGE. However, we observed a statistically significant increase in the BGE after irradiation in three out of four samples (U test, P Ͻ 0.05) ( Table 2 ). The effect of photochemically transformed DOM on BGE is complex due to a number of competing processes including photoproduction of inhibitory substances (see above), DOM mineralization, substrate formation versus destruction, shifts in the microbial population, and changes in the nutritional value of DOM by photooxidation (45) . For example, Farjalla et al. (26) exposed sterile aquatic macrophyte leachates that contained high concentrations of readily utilizable LMW substrates (e.g., carboxylic acids) to UV radiation. They found that BGE in the irradiated leachates was significantly lower than in nonirradiated controls, indicating that the more oxidized photoproducts were less efficiently utilized by bacteria, causing a decrease in BGE. In contrast, DOM with low concentrations of utilizable LMW organic substrates, e.g., the humic substances used in our study or humic-rich marsh waters, which have low nutritive value (50), will be more efficiently utilized by bacteria after irradiation (i.e., BGE increases). In support of these trends, Anesio et al. (9) found a significant, negative correlation between BGE in dark-treated incubations and BGE after UV exposure for different leachates from aquatic macrophytes. Tranvik and Bertilsson (59) observed similar contrasting effects in bacterial production in a study of 32 lakes. Thus, we attribute the enhancement in BGE upon extended irradiation of our HS isolates (Table 2) to an overall increase in the nutritional value of the DOM pool. Impact of HS and properties on BCP. In order to determine if HS and properties (i.e., UV absorbance and chemical) affected the observed photochemical enhancements of BCP observed at 43 to 65 h (Fig. 1) , principle component and linear correlation analyses were performed. Surprisingly, factors including humic substance absorbance (at 300 nm), absorbance bleaching (at 300 nm), and aromatic or aliphatic carbon content (from 13 C NMR) were poorly correlated (i.e., r 2 ϭ 0.04 to Ͻ0.4) with the enhanced BCP measured after addition of irradiated HSs to lake water (43 to 65 h of incubation). However, when photochemically enhanced BCP was normalized to (i.e., divided by) the initial absorbance coefficient (m Ϫ1 ) at 300 nm of the lake sample containing added HSs, several trends emerged with respect to HS origin (allochthonous, autochthonous, or mixed) and humic substance isolation fraction (HPOA, HPIA, FA, and HA isolates) (see Materials and Methods for details regarding the different humic substance classifications). The basis for normalizing BCP to the absorbance coefficient (as opposed to carbon content; discussed below) is that numerous studies have shown that UV absorbance is strongly correlated with DOM photoreactivity (for examples, see references 46, 49, and 60), which, in turn, controls the photoproduction of microbially available substrates (37) and consequently, photochemically enhanced BCP (45) . Thus, normalizing the latter to the UV absorbance coefficient allows us to estimate and compare the efficiency of HSs to photoproduce microbially utilizable substrates.
Comparing the different HS fractions on an absorbance coefficient-normalized basis (at 300 nm), photolyzed HPIA (hydrophilic acids) samples stimulated BCP ϳ2 to 5 times more than the corresponding HPOA samples in all pairs, while absorbance coefficient-normalized humic acids were three-to sixfold more stimulating than the corresponding fulvic acids samples (Fig. 4a) . The results that we observed at 300 nm were also observed at other UV wavelengths (i.e., 250 to 350 nm) (data not shown). These results imply that the hydrophilic acid and humic acid fractions of DOM are more efficient at producing substrates (i.e., more photochemically productive or reactive per unit absorbance) than the hydrophobic acid and fulvic acid fractions. This difference in photoreactivity is in agreement with Bertilsson and Bergh (15) , who found that HPIA extracts had higher quantum yields for the photoproduction of LMW organic acids (i.e., microbially available substrates) and for the photodestruction of DOC than the corresponding HPOA extracts. Our results are also in general agreement with those of Bano et al. (12) , who found that irradiation of the non-XAD-8-retained component (presumably mainly hydrophilic acids) of marsh water had a significantly greater stimulatory effect on BCP than the XAD-8-retained component (i.e., hydrophobic acids).
Comparing the different sources of the HSs, the general order of BCP stimulation (absorbance coefficient normalized) was autochthonous Ͼ mixed Ͼ allochthonous as shown in Fig. 4b , which compares average BCP enhancement signals [i.e., (HPOA ϩ HPIA)/2 and (HA ϩ FA)/2, for the different HS sample types]. From these plots, it is apparent that absorbance coefficient-normalized autochthonous (i.e., microbialderived)] HSs are significantly more efficient at producing biologically labile substrates (i.e., more photochemically reactive per unit of absorbance) than the allochthonous-dominated HSs. The above trends in HS source and type were further supported by principle component analyses (with and without Table 1 for more details about the HSs.
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Varimax rotation), with principle component 1 accounting for over 70% of the variance in the absorbance (or photobleaching or percent aromaticity)-normalized data. In contrast to the UV absorbance-coefficient-normalized results, when our photochemically enhanced BCP results are instead normalized to carbon content, no statistically significant trends are observed (data not shown). It should be pointed out that only a fraction of the total carbon is responsible for the absorption of UV radiation (19, 25) and that it is this fraction that controls the photoproduction of microbially available substrates from DOM. Thus, normalizing the latter to UV absorbance provides a means for evaluating the efficiency of HSs (or DOM) for photoproducing utilizable substrate, which cannot be obtained by normalizing to total carbon.
The apparent greater photochemical reactivity of the absorbance-normalized hydrophilic and humic acid samples and the absorbance-normalized autochthonous-dominated HS samples may be related to their chemical composition, in particular, aromaticity. The percentage of aromatic carbon (from 13 C NMR) for the 16 HS samples was found to be strongly correlated with initial absorbance between 250 and 350 nm (r 2 ϭ 0.91 to 0.94) (A. Stubbins, K. Mopper, C. Law, R. C. UpstillGoddard, G. Uhe, and G. Aiken, submitted). In addition, when aromaticity was normalized to the UV absorbance coefficient, most HPOA and FA samples had lower aromatic carbon contents (per unit absorbance) than the corresponding HPIA and HA samples, while the allochthonous-dominated (i.e., higher plant derived) HS samples exhibited lower aromatic content per unit of absorbance than the autochthonous-derived (i.e., microbially/algally derived) HS samples (Table 1) . Since the photochemical reactivity and photodegradation of a sample appears to be mainly dependent on its aromaticity (45, 52, 66; A. Stubbins, K. Mopper, C. Law, R. C. Upstill-Goddard, G. Uhe, and G. Aiken, submitted), these results may explain why, on a per unit absorbance basis, the HPIA, HA, and autochthonous-derived HS samples are more photochemically reactive (i.e., more efficient at stimulating BCP) than the corresponding HPOA, FA, and allochthonous HS counterparts. Furthermore, fulvic acids are thought to be diagenetically more altered, i.e., of lower molecular weight and more oxidized (i.e., more carboxylated) than humic acids (14, 39) , which may render them less available for uptake and less productive of biologically labile substrates during photodegradation (7). However, it should be noted that in many freshwaters, allochthonous HSs are quantitatively more important than autochthonous HSs, and therefore, most of photoreactions and production of bacterial substrates upon irradiation of freshwaters are still probably due to the allochthonous fraction. Summary and conclusions. Past studies have shown that photodegradation of DOM can be a source of biologically available substrates, especially in carbon-limited surface waters. This photoproduction of substrates can result in enhanced microbial activity and accelerated carbon cycling in natural waters. Since HSs are usually the main UV-absorbing component in the DOM pool, HS photodegradation has often been assumed to be mainly responsible for this photoproduction.
Some long-lived photoproducts that are formed during UV irradiation of DOM can stimulate bacterial growth. In past studies, this stimulatory effect was usually measured by a reinoculation approach, whereby filtered, sterilized DOM or DOM isolates (e.g., HSs) were exposed to radiation and then reinoculated with a natural bacterial community (e.g., 16, 17, 21, 28, 38) . However, short-term effects of DOM phototransformations on the natural bacterial community cannot be properly evaluated by this approach because bacteria reach their stationary phase on a time scale of days. The experimental approach used in this study (i.e., adding the irradiated or nonirradiated humic substances to lake water with minimum dilution and containing a mature microbial community rather than reinoculate irradiated, filtered lake water with a natural bacterial community) allowed us to evaluate the short-term effects of irradiated HSs on bacterial growth. Using this approach, we found that the HS phototransformations had a negative effect on bacterial growth for a number of HS samples in a shortterm incubation. Furthermore, this negative effect was positively correlated to the production of hydrogen peroxide. The experimental approach used in this study indicated that the production of inhibitory substances during HS irradiation can strongly impact microbially mediated processes in lakes and should be considered in future studies, as those substances can be transported in the water column and affect bacteria negatively even in layers below the influence of direct solar radiation (32) . Future studies should examine the nature, stability, and relative importance of photochemically produced shortand long-lived inhibitory substances, including H 2 O 2 and phenolic compounds. These studies should also address how duration and UV intensity affect the production of inhibitory substances, as well as determine the temporal response (and recovery) of the bacterial community, including shifts in community structure induced by these substances.
In long-term incubations, irradiation of aquatic humic substances from a variety of environments resulted in increased carbon mineralization (i.e., organic carbon converted into inorganic carbon), both directly through abiotic photooxidation (Table 1 ) and indirectly through enhanced bacterial respiration ( Table 2 ). The total enhancement of bacterial carbon utilization (BCP plus respiration) due to UV irradiation was about 30% relative to nonirradiated samples after the 43-h incubation (Table 2 ). This increase was proportionally higher for BCP than respiration, which suggests that more bacterial biomass is available for transfer through the food web as a result of the UV-induced degradation of humic substances. The increase in both BCP and bacterial respiration resulted in an enhancement of BGE (average, ϳ32%) ( Table 2) . It is not known whether this photochemically induced change in BGE was due to shifts in community structure or to changes in the types of substrates available for uptake or both; however, it is clear that photodegradation of humic substances can be an important component in carbon cycling in aquatic ecosystems, particularly in carbon-limited and humic rich systems. Thus, the impact of photodegradation products on bacterial activity cannot be estimated from changes in the BCP alone, as has been often done in the past. Changes in both BCP and respiration or BGE are needed, especially since respiration usually represents a much larger fraction of the carbon taken up, and, depending on the magnitude of the respiration change, can even cause a decrease in BGE (45) .
Although irradiation of aquatic humic substances generally enhanced BCP and respiration relative to nonirradiated controls, the rates of enhancement were poorly correlated to However, when BCP rates were normalized to the initial absorbance of the samples, irradiated hydrophilic acid and humic acid samples were found to enhance BCP to a greater degree than the corresponding hydrophobic acid and fulvic acid samples. Likewise, absorbance coefficient-normalized microbially derived HS samples enhanced BCP to a greater degree than terrestrially dominated samples. These enhancements were presumably due to the higher photoproduction of substrates by those samples, which are probably related to their higher aromaticity, as evidenced by their higher UV absorbance (61) . We conclude from these results that there are distinct differences in photochemical HS reactivity related to the source and chemical nature of the HS extracts, in particular, their aromatic content, which appears to control the production of microbially utilizable substrates during DOM photolysis.
